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NOTICE

When Govern.nent drawings, specifications, or osther data are used for
any purpnse other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the government
may have for-aulated, furnished, or in any way supplied the said drawings,
specifications, or other data, is not to be regarded by implication or other-
wigse as in any manner licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use, or sell any
patented invention that may in any way be related thereto.

This report has been reviewed and cleared for open publication and/or
public release by the appropriate Office of Information (OI) in accordance with
AFR 190-17 and DODD 5230.9. There is no objection to unlimited distribution

of this report to the public at large, or by DDC to the National Technical
Information Service (NTIS).

This technical report has been reviewed and is approved for publication,
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Project Monitor
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Copies of this report should not be returned unless return is required

by security considerations, contractual obligations, or notice on a specific
document,
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\ / STIMMARY

\’he objective of the work under this contract was the characterization

of commercially produced, sintered SmCo5 magnets for various engineering
applications. Of particular interest was the long-term stability of selected
magnetic properties under environmental influences which simulate the
operating conditions of the magnets in devices such as microwarse tubes

and rotating electrical machines.

The research investigations into the aging characteristics of samarium-
cobalt magnets were formulated to provide objective information on the
sensitivity of the magnetic properties to:

1) Variables in the basic magnet manufacturing processes

2) Storage under varying conditions

3) Processing of the magnets into usable configurations

B e S B 1 O RO S AmgEe

4) Usage under various adverse thermal, mechanical and

e

demagnetizing loads representative of the envircnmental

conditions likely to be encountered by the magnets ir. device

applications.

Magnet samples of“stwo principal suppliers were tested: from the

General Electric Company and the Raytheon Company. These magnets were
produced by somewhat different processes, one involving the isostatic com-
paction of a two-powder blend (sample code letter A), the other die-pressing of
a single-alloy powder (code letter B). Our measurements revealed significant
differences between the two sample types with respect to their initial properties
and the consistency of hese properties in production at the time our samples
were miade (summer and autumn of 1972). In most cases, however, no clear
correlation with sample origin and production procedure could be found re-
garding the losses on heating, the long-term stability at elevated temperature,
or tne response to a.c. field cycling. The test sample geometry was axially
magnetized cylinders of 1/4 and 1/2 inch diameter of several short axial lengths

(thickness).
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Environmental exposure tests of the following kinds were conducted.
Samples were thermally cycled from room temperature to +300°C and to
.100°C, irreversible and reversible losses as vell as temperature co-
efficierts were determined. Magnets were aged at temperatures
of 25° C, 150°, 200°, 250° and 300°C in an open-circuit condition, with
operating points corresponding to unit permeance values of Bd,Hd ~1, 1/4
and 1/8, and the time dependence of the open-circuit remanent flux was
measured. This was done on the as-received samples, on magnets which
had previously undergone a thermal stabilization treatr.,ent, and on samples
which were simultaneously subjected to compressive stresses. In preparation
for the latter test, measurements of the mechanical fracture strength under
uniaxial compression were made at room and elevated temperatures. Other
magnets were subjected to several millions of cycles of an aliernating magnetic
field to simulate operating conditions in a motor or similar device in which
the magnet recoils from close to BHc to near H = 0. (Original ; planned
stability tests under the combined influence of elevated temperature, mechanical
pressure and alternating magnetic fields - in a rotating fixture - were
abandoned because of the difficulties of meaningfully simulating, or even
defining, the operating loads a magnet would experience in a hypothetical
large motor or generator.) The effects of machining magnet samples to
smaller size - by centerless grinding, flat surface grinding and electric
discharge machining - on their elevated-temperature stability were also
investigated.

Most measuring procedures and instruments used were described in the
first semi-annual progress report. The results of initial-property measure-
ments and their statistical interpretation, thermal cycling data, and infor-
mation on the aging behavior gained during the first year, were contained in
the second report. This information is not repeated here. This third and
last report contains data for all the other tests mentioned and the final
results of aging investigations which continued to the end of the contract

period, even if preliminary data were included in the second report. This final
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report is thus not recessarily a summary of all significant results obtajned
under the contract. The previous reports should be consulted for the results
of some of the tests, and for experimental details of others whose final
outcome is reported in the following pages.

It must be emphasized that the environmental exposure tests were not
done on sufficiently large numbers of samples to make them statistically
meaningful. While the results clearly point out certain common properties

and problems of sintered SmCo_ magnets, the detailed bechavior often varied

5
quite drastically within the small group of samples selected for a particular
measurement. It would therefore be wrong to say that the set of properties
reported for any given sample is characteristic of SmCo5 magnets in general,
or even for those made by onc of the two principal manufacturing processes.

It is also important to point out that the samples tested are not necessarily
representative of the magnets produced by our suppliers at the time this
report is issued. 18 to 20 months after our samples were purchased. The
manufacturers point out that several changes in their processes have taken
place which are said to have improved the performance characteristics and
the consistency of their products. Such changes - and progress toward better
quality - must, of course, be erpected in any new and rapidly developing
technology like that of rare earth-cobalt magnets. Proof of the claims made
would require measurements and tests on magnet samples from the present

production.
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FOREWORD

The research investigation described in this report was performed
in the Magnetics Laboratory of the University of Dayton by personnel of the
Research Institute and the Electrical Engineering Dept. It was sponsored
and administered under Contract No. F33615-72-C-1795, Program Code
No. FY1457, Project No. 7367, Task No. 736703 by the Air Force
Materials Laboratory, Air Force Systems Command, Wright-Patterson

Air Force Base, Ohio. Project Engineer: Mr. Donald Evans, AFML/LPE,
Tel. (513) 255-4474.

The following personnel participated actively in the investigation

during the reporting period: M. S. Hartings, H. F. Mildrum, K.J., Strnat
and K. M. Wong.

This report covers research conducted between 1 July 1973 and
30 December 1973. The manuscript was released by the authors in
February 1974 for publication as a technical report.
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CHARLES H. ROBISON, Major, USAF
Chief, Solid State Materials Branch

Electromagnetic Materials Division
AF Materials Laboratory
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SECTION I
INTRODUCTION

The general purpose of the work under this contract was to investigate
the stability of commercially produced, sintered, SmCos-bued Permanent
magnets under various adverse environmental influences. Tests were per-
formed which simulate certain conditions to which magnets are exposed in
engineering applications, especially in traveling wave tubes and rotating
electrical machines. The contract stipulated as the most important objective
the generation of data on the magnetic characteristics and on the aging be-
havior which is useful to the design engineer. Efforts aimed primarily at an
understanding of the physical causes of the deterioration of properties during
aging, or at the development of possible remedies, were specifically excluded.

Magnei samples were purchased from two speciiiad domestic commercial
producers. We also made some measurements on samples from a few other
domestic and foreign sources as time permitted. Magnets for this purpose
were provided free by a number of cooperating companies. A complete out-
line of the planned investigation and the organization of the effort was given
in the two preceeding semi-annual progress reports.l’z These reports
should also be consulted for details concerning the instrumentation and
measurement techniques employed and a discussion of special problems in
the acquisition and interpretation of the data presented herein.

The present report deals with the following subjects:

(a) The long-term stability of the open-circuit remanence at room
temperature.

Magnet samples selected to represent the entire range of intrinsic

coercive forces initially measured were stored individually, one group in

l. H.F.Mildrum and K.J.Strnat, ''"Research to Investigate the Aging
Characteristics of Samarium Cobalt Magnets', AFML-TR-73-46,March 1973,

2. H.F.Mildrum and K.J.Strnat, ''Research to Investigate the Aging
Characteristics of Samarium Cobalt Magnets', AFML-TR-73-249, October 1973.
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] air and one in vacuum, and their remanent flux measured at regular time
intervals with a high-resolution digital fluxieter. The samples were pa:ily
in the as-received state, partly pre-stabilized by heating for 1 hour to 1500,
200° or 250°C. These tests extended over 7000 to 8000 hours.

(b) The stability of open-circuit remanence during exposure to
various elevated temperatures in air.

Magnet samples relected to represent the entire range of intrinsic
coercive force were aged at the temperatures 1500, 2000, 2500 and 300°C.
At certain time intervals, the samples were cooled to room temperature,

their open-circuit remanent induction flux measured, and then they were

reheated to continue the test. Most samples were entered in the as-received
condition, so that the initial irreversible loss could be evaluated, but some

1 were pre-stabilized by heating to simulate the procedure used by most
manufacturers before sale of the magnets It should be pointed out that we
had specified that the samples should not be subjected to the pre-aging, or
"thermal knockdown'', treatment which is routinely applied by most producers
with conditions depending upon the use of the magnets specified by the

; customer.

(c) The permanent part of the irreversible changes of magnetic
properties during heat aging.

The elevated-temperature exposure tests were terminated after the
remanence had dropped significantly below its prestabilized value. On
these samples, demagnetization curves from the reduced-remanence ~‘.te
and complete hysteresis loops after remagnetization were measured. Such
; curves reveal changes in the intrinsic magnetic properties and allow a

differentiation between the purely magnetic and the structurally-caused

("metallurgical'') parts of the irreversible losses.
(d) The changes of the open-circuit remanent induction flux during
repeated thermal cycling of magnets between room temperature and 300°C.
These experiments were performed on axially magnetized cylindrical

samples of 1/4" diameter with dimensional ratios corresponding to an
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approximate open-circuit unit permeance of B/H = 1/8, 1/4, 1 and 2-1/2.

The results of these measurements permitted the computation of the
so=called irreversible and reversible losses, and of reversible temperature
coefficients.

(e) Compressive strength of the structural magnet body.

Magnet samples representing the entire range of intrinsic coercive
force were subjected to compressive loading until evidence of structural
failure was observed. These experiments were performed from room
temperature to ZSOOC.

(f) Aging under compressive load.

Long term tests were also conducted on samples compressively stress-
loaded with 10, 000 psi and heated at temperatures between 150° to 250°C.

The samples had been prescreened at 25°C to withstand this static compressive
load. Results are compared with those of elevated temperature air aging
experiments done without mechanical loading.

(g) Surface material removal by surface grinding and electric spark
discharge machining.

The effects of material removal by standard centerless griuding and
electrical discharge machining on the magnetic properties and their
stability were investigated. Large diameter samples (0.500 dia. B/H =1, 1/8)
were reduced in diameter to 0.250 inches (B/H = 2-1/2 and 1/4) by each
method and at two different machining rates. This was done with samples
from both suppliers. Additional machining by surface grinding was performed
on Raytheon samples (B/H = 1) to reduce them to B/H = 1/4 since no such
thin samples had been supplied initially.

Samples thus machined were subsequently thermally aged at temperatures
of 150° to 250°C for comparison with samples aged from the '"as-received
condition.

(h) Effects of alternating magnetic field effects on the stability of the |

open-circuit remanent flux operating point.
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Several identical samples of each manufacturer were placed in the

closed circuit of an iron-yoke electromagnet and subjected to a cyclic field
varying by + 0. 86 Hd symmetrically about Hd' At certain time intervals the
cyclic fields were reduced to zero, and the open-circuit remanent flux

measured.

(i) Correlation between manufacturing conditions, magnetic properties
and aging behavior.

We requested from the magnet manufacturers a detailed description of
the general manufacturing processes used and of the specific conditions
which applied to the various lots of samples we tested. Considerable detail
was indeed supplied and much applicable gergeral information can also be
found in the reports written by the Raytheon and General Electric Companies

b while their manufacturing processes were being developed under US Air

Force contracts. This processing infoimation was summarized in a

XY TR

previous progress report.

General comments are made where possible,relating magnet processing

variations to specific aging results.

; 3. M.G.Benz, et al., "Manufacturing Methods and Technology for Processing
% Cobalt-Samarium Magnets', AFML-TR-71-142, July 1971,
i

4, D.Das, etal., "Manufacturing Methods for Samarium Cobalt Magnets'.
AFML-TR-71-151, August 1971.




SECTION I1
SAMARIUM COBALT MAGNET FVALUATIONS

1. EVALUATION OF THE LONG-TERM STABILITY AT ROOM

TEMPERATURE

To determine the '"'natural'" aging characteristics at room temperature
of SmCo5 magnets, samples from each producer were selected such that the
extreme values of MHc and in some cases also of Hk, observed within each
lot were reasonably well represented. This also provides a reasonably large
spread of values. In each case a hysteresis loop was measured first and
the test samples were then recharged in a 38.8 kOe static field prior to
the initiation of the aging test.

Most of these tests were terminated at the end of the contract period.
The final results of these evaluations are presented in Tables 1 and 2. In
Table 1, the open-circuit remanent induction (OCRI) values measured on
samples having a permeance B/H *~ 1/8, 1/4 and 1 which were stored in air
at room temperature under the normal atmospheric conditions of our
laboratory are shown as a function of time. ("Natural air aging''). Generally
speaking, the OCRI loss after about 7000 hours is in the range of 0.20 - 0.98%
for both sample lots (B/H =~1). It appears that the die-pressed magnets show con-
sistently greater losses than the isostatically pressed ones. They also had
lower H'k' i.e., less ""square' demagnetization curves than the isopressed
magnets. It seems that H.k is the one magnetic property that can be related
most directly to the causes of aging. In the present set of data, there is no

obvious correlation of the losses with the magnitude of Hc. The range from

best to worst-case observed aging behavior is shown inMFigure 1.

Table 1 also contains the natural air aging results for shorter length
samples having a B/H=1/4 (L/D = 0.10) and B/H= 1/8 (I./D = 0. 044 ). It
can be seen that even during the short duration (3000 hours) of the tests on
these thinner samples, the sa.ne or higher losses are incurred as in twice

the time for the thicker sar.ples. Thus there is a significant increase ia the
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rate of flux loss with decreasing thickness. Since these thinner samples have
increasingly higher surface area-to-volume ratio, this finding suggests that
oxidation involving the diffusion of oxygen from the outer surface plays a
significant role in the natural aging.

Another set of 4 samples with very similar initial properties (B/H=1 group)
underwent room-temperature aging in a vacuum of atout 1 x 10-‘4 Torr fromn
which they were periodically briefly removed for measurement purposes.
The results of this experiment are shown in Table 2. The level of losses in
this experiment was very similar to that of comparable samples kept in air.
However, the level of losses incurred by one of the air aged die-pressed
samples increased significantly after ~3500 hours while the other was
comparable to its vacuum-aged counterpart. It must be concluded that the
periodically interrupted vacuum storage had little protective value at room
temperature. See Figure 1, worst case "as-received".

To determine if room-temperature aging effects can be minimized by
a thermal stabilization treatmeii, 3everal samples were given a specific
time-temperature "knockdown'' prior to initiating the room-temperature
storage test. The first gro-.p of samples so tested were selected from the
MHc
values near the average and upper extreme observed in each lot, A thermal

first and second lots purchased from each producer and represented

knockdown exposure of 250°C for 1 hour was first performed. After cooling
to room temperature, OCRI measurements were conducted on a routine
schedule. The data for these samples (Table 3, lines 1-4) indicates for the
most part an increased stability against natural air aging in comparison with
magnet samples of similar properties listed in Table 1. Perhaps significantly,
the first-lot samples from each manufacture (A-13, B-11) show little or no
additional aging beyond the '"knockdown even aiter ~8000 hours, whereas
second-lot samples (A-33, B-40) suffered an additional loss of ~0. 2% at the
end of ~7000 hours,

A few samplas having average magnetic properties were subsequently

selected from the second lot of each manufacture. (A-35 through B-42),

Hiaac.
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TABLE 1
NATURAL AGING IN AIR AT ROOM TEMPERATURE
D=0.25in. L =0.1in (L/D =0.4, B/H=1)

Sample Totacl Fiapsed Total
Number Time Loss Initial Properties Lot
( Hours) (%) MHc Hk Number
(kOe) (xOe)

A-11 8000 ", 35% 20.3 8.20 A-1
A-47 7000 0.20 44.3 9.91 A-2
B-18 8000 0.98 36.8 5.30 B-1
B-37 7000 0.51 33.2 6.63 B-2

D=0.25in, L= 0.025 (L/D = 0.1, B/H = 1/4)

A-200 3000 0.37 25.4 9.0 A-2
A-207 " 0.18 25.0 7.2 A-2
A-214 " 0.19 34.8 5.4 A-2
B-204 L 0.80 25.4 2.8 B-2
B-210 " 0.78 23.17 2.9 B-2
B-211 " 0.66 26.5 3.0 B-2
D =0.25in, L = 0.011 (L/D = 0.044, B/H = 1/ 8%%)
A-400 3000 0.52 31.9 3.6 A-2
A-401 " 0.64 28.5 3.5 A-2
A-402 W 0.53 25.0 3.4 A-2
*Sample chipped afte» 3200 hours, subsequent OCRI data corrected for
difference in value before and after material loss
*% B-samples of B/H = 1/8 not available. See text Section IV.
TABLE 2
AGING IN VACUUM AT ROOM TEMPERATURE
D=0.25in, L=0.1in(L/D=0.4, B/H=1)
Sample Total Elapsed Total Initial Properties Lot
Number Time Loss H Hk Number
(Hours) (%) M
(kOe) (kOe)
A-20 8000 0.25 20.2 8.95 A-1
A-46 7000 0.25 44.8 8.12 A-2
R-17 8000 0.53 36.4 4,97 B-1
B-2F% 7000 0.52 34.5 8.09 B-2




il e

Z-g $8°L
2-v 10°8
Z2-g 12°9
v 6L°L
Z-g GE°9
1-9 6€ ¥
2-v P56
1-v ¥8°g
(20%)

Taqumy iy

jorg

R e i B Ly ey G

€°9¢
6°1%
9°9¢
0°¢¥h
1°€¢
L°g¢g
2°9%
1°81
(o)
Omz

S3anzadoxyg Tenug

21°0
S0°0
2o
S0°0
0Z°0
00°0
1270
900
(%)
ssory
Teuonippy

9L2¥%
9L2%
9L2%
9L2¥%
6869
S882
6869
S882

SInoy
-?dwryg,

pasdely ejor,
(. NMOAIDON TVINGFHL,)

u¥ /1 1919wrerq ordwreg ‘g =H/d =«

bs %
I1°¢
0% %
52°2
082
£€°g
09 %
15°91
(%)
sso
Tenug

* STUNLVIAINIL SNOTY VA LV 30N0OH INO 40
ININWLVIYL LVAH NOILVZITIEVIS V I LIV DNIDV ¥IV TVINLVN
¢ ATHVL

B, T8 LY o T u i UATIR g St

002 -9
002 S¥-V
0s1 1¥-9
0s1t SE-V
052 0¥-9g
0s2 11-9q
0se £EE-V
0se 12 Gl 4
(Do)
sxnjeradway aqumyy
lusuneaa 1, ardwreg

T, N i




o il e
—

s 3 b

Conmanth el bt i -t e

TABLE 4

COMPARISON OF NATURAL AIR AGING OF MAGNETS
FROM THE AS-RECEIVED CONDITION AND FROM
DIFFERENT THERMALLY PRESTABILIZED STATES

i Bt ok S BA L o £

Prestab. Initial Loss* Additional Loss¥% Evaluation
Treat. %) (%) Time

' (Hours)
none o none 0.18 - 0.4 4200
(1 hr, 1500) 2.2 - 4.4 0.05 - 0.12 4200
(1 hr, 2000) 3.1 - 4.5 0.05 - 0.12 4200
(1 hr, 2507) 4.6 - 7.8 0.00 - 0.21 4200

* In the case of stabilized samples the initial loss represents that incurred
asuring the prestabilization heat treatment.
*%* Loss during subsequent aging; % of reduced, stabilized value.
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They were similarly prestabilized, but at the lower temperatures of 150° and

200°C. After approximately 4000 hours evaluation time a comparison indicates

that even a lower thermal knockdown treatment level improves the natural

aging stability. The iropressed samples fared sgenerally better after this

lower-temperature stabilization while the diepressed sample ,B-11, stood out a8

higily stable after the 250° knockdown.

It must also be pointed out that this knockdown treatment understandably
is not without its undesirable consequences. As noted in Table 3, the level
of treatment incurs a moderate to substantial initial loss of open=-circuit
remanent induction ranging from 2.2 - 16.5 percent.

A more direct comparison of the merits of thermal prestabilization of
these magnets for ambient applications is shown in Table 4. Here we present
data on sample magne! . from the second lots only, of both manufacturers (no

distinction made), for an identical aging interval of 4200 hours for all samples.
2. LONG-TERM AGING TESTS IN AIR AT ELEVATED TEMPERATURES

The basic objective of these tests was to evaluate SmCo_ magnets for

applications in devices in which they are used to produce a ssta.tic magnetic
field, operate on a loadline of B/H = 1 or less, and where they are exposed
to elevated temperatures in normal atmosphere for prolonged periods of
time under operational, manufacturing or storage conditions. The test
temperatures were selected primarily with a view toward microwave tubes
where Sm-Co magnets have found their first extensive application. Traveling
wave tubes are now built to operate up to about 150°C, advanced designs to
perhaps 200°C, with single magnets operating in hot spots that may go even
higher. Tube builders would like to design even hotter tubes, 2nd we were
informed that 300°C was & reasonable upper limit.

Sample: for these tests were selected from the lots of both producers
as previously described.l’ e The sample shape selected for the initial test
series was 1/4" diameter and 1/10'" thickness, corresponding to B/H=x 1,

It was decided to begin the exposure tests at the upper temperature bound of

11
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the range of interest, 300°C, because one would expect the fastest aging at
this highest temperature. The entire range of phenomena should thus be seen
in the shortest possible time. We wanted to nearly finish the "aging runs' on
a few initial samples before engaging in a massive routine-testing program.
This procedure allowed a critical evaluation and improvement of the experi-
mental methods chosen and a more prudent selection of the time intervale

for data-taking which would considerably reduce the effort involved in con~-
ducting subsequent tests.

Presentation of the data in this chapter is such that only a tabular numerical
summary of the main results of the tests at each temperature is given. Some
selected normalized curves, which allow one to see general trends, also
appear in the text. Detailed graphical presentations of the aging behavior
of many samples for exposure times up to 4200 hours were printed in the
second report.

In thiv report we have redefined the initial loss as the loss incurred

during the first 15 minutes of aging at given exposure conditions. Additional
losses incurred are also referred to this time reference. Normalization for
those curve sheets comparing the range from best to worst cases for a given
evaluation are also made with the same reference, the flux value after 15~-minute
exposure, except where specifically noted.

For the prelirainary data presentation in the preceding report, a
reference point of 2 hours had been chosen on the assumption that it marked
the (poorly defined) end of an initial period of rapid flux reduction at 300°C. However,
for other temperatures of exposure, this period becomes increasingly longer
as the temperature is chosen lower. Samples tested at 150°C without a prior
"thermal knockdown'' appear to be still in the period of protrzacted initial,
irreversible loss even after several thousand hours of exposure. The 2-hour
reference was thus meaningful only for the 300° tests, but not at any lower
temperature.

We therefore abandoned any attempt to define the onset of the plateau |

of temporary stability in a general way and decided to use the first point

12




e e e AT 4 o RNy TR

|
f
t
3
13
E,
£

g ety e i s s

S —— T i o A e

s A

B Lo L O

of measurement after exposure began - usually 15 minutes - as the one to
which all flux values should be referenced for the purpose of making
generalized comparisons of aging curves.

a. Air Aging Tests at 300°C.

The results of these are shown in Table 5. The upper half of the
table shows the changes of the open-circuit remanent induction (OCRI) |
of magnets which were recharged in the hysteresigraph yoks with a 38,8 kOe
d. c. field after plotting of the initial hysteresis loop. The lower half of
the table refers to samples recharged in a 75 kOe field of a superconducting
magnet at the Air Force Materials Laboratory. For each sample, selected
initial magnetic properties (MHc’ Hk) are listed to permit correlations
with the aging behavior.

The ''initial loss' is the reduction from the initial room-temperature
value of the OCRI during the first 15 minutes of accumulated exposure time.
For most magnets a noticeable additional reduction was seen before something
of a plateau was reached. In the second column of the table, this initial loss
is expressed in percent of the starting value (before heating) of OCRI. The
"additional loss' listed in the third column is referred to the prestabilized
OCRI value after 15 m.:utes exposure. The same is true for the 1%, 3% and
5% loss specified at the head of the table, columns 5, 6 and 7 respectively. For
each of the % loss figures, the corresponding total elapsed exposure time is
given, which can be considered a kind of "lifetime' of the magnet provided
the user can tolerate the specified loss of useful flux.

As the 300°C evaluation tests progressed, and time and en space
became available, a single sample (D-4) furnished by the Electron Energy

Corporation was also included. Samples furnished by this producer (our

letter code D) were diepressed. They had the standard dimensions. At our
request, these samples were also furnished in an unstabilized condition.
Open-circuit remanence of this sample war measured in the s2.»e manner

and time pattern as for the other producers' samples.

13




In the first several tests, the exposure times were extended far beyond
the poirt which would normally be of pract-.cal interest, namely until the
additional loss reached values between 10 and 20%. (See Figure 2) This
was done to see if there might be a restabilization at a secondary, lower
level where the OCRI is still high enough to be useful. Such a restabilization
did not occur for the GE and Raytheon test magnets. For these samples, at
300°C in air, a 1% loss is incurred in the first 5-25 hours of exposure, 3% loss
was observed after 80-225 hours, and 5% after 200-750 hours. Then the
rate of the drop becomes progressively greater and the decay toward the \
end of the extended tests must be considered catastrophic. Some indication \

of a correlation between the magnitude of Hc and the loss rate can be seen.

M

It appears that magnets with higher HC values have a somewhat longer

"lifetime'' at this temperature than :\}fose with lower initial coercive force.
This seems to be equally true for magnets from each of the two producers.
However, the single magnet from the Electron Energy Corporation
exhibited aging characteristics markedly different from those observed on

samples from our two primary sources of test magnets. As shown in

Table 5, this particular magnet has a substantial lower Hc value and a

M
higher H.k value - hence a greater ''squareness' of the demagnetization curve.
Its initial loss of 4.7% is on the low end of the scale, and although the

additional loss to 1% is ~-36 hours, the total loss for ~3500 hours is only

2.73% - very much less for any other sample tested. We have taken the
liberty of estimating a 3% loss at approximately 10,000 hours based on pro-
jecting the slope of the curve between 200-3500 hours. Unlike the other
magnets tested at 300°C, this sample reached a second plateau after several

100 hours accumulated aging time and no really catastrophic decay had yet

set in at the end of the test, after ~3500 hours.

In the lower portion of Table 5, we show results for those magnets
which were recharged in a superconducting solenoid field of 75 kOe.
Surprisingly, these were observed to have an even shorter life span than

samples charged at our standard value of 38.8 kOe. As one would expect,
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the initial OCRI values were slightly higher indicating a better approach to
saturation, and in most cases the OCRI at the 15-minute reference point were
higher, too. But aging times toa loss of 1, 3 or 5% were shortened sub-
stantially so for the isopressed magnets (code A). The correlation with

high and low MHc values still exists. Coercivity and Hk were not significantly
increased by the higher peak magnetizing field. These results appear to in-
dicate that very-high-field charging of a magnet does nothing to enhance its
aging characteristic. It must be recognized, however, that we could not use
sufficiently large numbezxs of samples in these tests to make the results
statistically meaningful.

Generally spéaking, the stability at 300°C was disappointingly poor,
based on our experimental results for magnets produced by GE and Raytheon
in mid-1972, At this point in time, the use of SmCo:a5 magnets at this operating
temperature ca: the: xfore not be generally recommended. However, for
applications where the thermal exposure is of very short duration, or for
some one-time applications in which reasonable losses can be tolerated, these
magnets would suffice. We have since been assured by personnel of both
producers (Hitachi Magnetics as the successor of GE, and Raytheon) that
certain specific production changes have recently been made which improved
the elevated-temperature stability of their products. Additional aging
studied on more recent production samples must be made to prove claims of
improved performance. If the fairly stable behavior observed on sample
D-4 is taken as an indication of the potential stability attainable for SmCo 5
magnets, then there is obviously room for substantial improvement of
diepressed magnets in this respect, It must be concluded that magents
that will perform satisfactorily for a long time at 300°C are a definite
practical poesibility,

b._Air Aging Tests at 250°C

A somewhat larger grou of samples was chosen for aging tests at
250°C: from the two General Electric lots, including one (A-39) which
had a v ..y uncharacteristically ssvere step in the demagnetization curve

near field zerc, and from the two Raytheon lots. Samples of B/H=1,
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1/4, 1/8, and 2-1/2 were eventually exposed to the 250°C for evaluation.

In this section, only samples aged from the '"as-received' state will be
discussed. A comparison will later be made in the section dealing with the
aging performance of magnets machined to proper length-to-diameter ratios.

In this section we have again included the results on a single sample,
(D-3), obtained from the Electron Energy Corporation. Isopressed, liquid-
phase-sintered magnet samples produced by Brown, Boveri & Cie were also
evaluated (150 - ZSOOC) over 3000 hours. These results were not tabulated.
The observed performance was quite similar to that of magnets of GE
production at approximately the same time.

For the A and B sample groups, the samples were selected to represent
the whole range of intrinsic coercive force values. As before, most of the
magnets were charged in a 38.8 kOe steady field, but four additional ones
were magnetized with 75 kOe.

The results for 1/4" diameter samples of B/H % 1 unit permeance are
presented in Table 6, and the best-worst cases illustrated in Figure 3.

The following general conclusions may be drawn from the data: The

stability at 250°C is significantly greater than at 300°C; for the best samples
of either manufacture the increase in lifetime is 10 to 30 fold, but for the
worst cases the improvement factor is only 2 to 3. Extremely large variations
in "quality" were observed within each of the two major groups of samples;
there is no indication that either the isostatic pressing or the diepressing
method produces inherently more stable samples. Within each group,

the samples of the initial lots (A-1 and B-1) were more stable than those

of lots A-2 and B-2 received later. One is tempted to conclude that, either,
the changes in the production process during the early ''tooling-up' stages
reduced the stability of the magnets, or that the magnets of the small initial
lots were pre-screened by the manufacturers even though it had been agreed
that this should not be done. (Although it must again be emphasized that

our conclusions are drawn from sample quantities too small to be
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representative of a given product in a statistical sense.)

No clear correlations can be seen between the aging stability, as
measured by the ''time to loss of 1%, 3%, 5%," and either the initial values
of MHc and Hk' or the "initial loss' during the first 15 minutes of heating.
No ¢xceptional behavior could be observed for the magnets that had L .en
pulse charged at 75 kOe.

In Table 7 we present 250° aging results on samples received from GE
which had B/H=1/4 and 1/8 unit permeance. Raytheon declined to furnish the
samples needed - - 0.250" diameter, 0.025'" and 0.012" thick, respectively = -
and therefore representative B samples do not appear in this table. The
samples selected for this evaluation were matched in pairs having almost

identical Br’ H , and Hk properties representative of the range of samples

M ¢
with this geometry.

The data presented in the table and illustrated in Figure 4 2a and b show
initial losses of 11-18% for samples having B/H~1/4, and 11-16% loss for
B/H=1/8 samples. On the average, these initial loss values are considerably
higher than those incurred by A-group samples of B/H =1 under the same
exposure. This can be qualitatively understood, as was pointed out by
K. Bachmanns, when one considers the difference between the demagnetizing

field and the intrinsic coercive force, Hc (or perhaps better, the ''knee field",

Hk) at the exposure temperature as thelv:)rincipal factor controlling the short-
term, "irreversible' losses. These thin saniples have considerably higher
self-demagnetizing fields than the B/H =1 samples, and thermally activated
domain-wall motion which reduces the reinanence is thus much more likely

to occur at 250°. It should also be noted that the Hk values for these samples
of B/H=1/4 and 1/8 are generally lower (3. 3-4.5 kOe) than those of the

type A reference samples of B /H=1 (5.5-12.2 kOe, with one exception, Hk =
1.85 for A-39!), a fact which would favor the partial thermal self-demagnetiza-

tion of the thin samples.

5. K. Bachmann, '"Reversible and Irreversible Losses of Magnetization in

SmCo, Magnets''. Paper No. 6E-7, 19th Conf. on Magnetism and Magnetic
Materials, Boston, Mass. Nov. 1977,
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The values of the elapsed aging time to an additional loss of 1 and 3%
for these samples are informative due to the similarity in the matched pairs
with low and high MHc for both values of unit permeance. Here we see
evidence that a 1% additional loss accurs much sooner for the samples of
smaller thickness {B/H =1/8) than for the thicker ones of B/H®1/4, Also
the-\ime for a loss of 3% appears to show a reasonably clear correlation to
the magnitude of Hc' That is, the higher

M M
; for the additional loss to reach the 3% level.

Hc the longer the period

While the initial a.d short-term aging losses are likely to be due to
purely magnetic causes (thermally activated wall motion and/or domain
nucleation), the long-term aging loss could well be attributable to a
considerable extent to structural changes of a metallurgical nature or to
oxidation proceeding from the sample surface. If such oxidation from the
E surrounding atmosphere were an important factor, thin samples with a
larger surface-to-volume ratio should show larger long-term losses. Such
a trend seems indced to be indicated by the figures in the '"total additional
loss'" column of Table 7, with the loss ranging from 1.3 to 3.3 for B/H = 1/4,
and from 3.3 to 5.5 for B/H = 1/8. The figures for B/H = 1 samples in

Table 6 are not consistent with this, but one must consider that the samples
1 used there and their aging conditions were not matched to those dealt with
in Table 7. Both, initial inagnetic properties and total aging times for the
B/H =1 magnets, covered a very wide range there, while properties were
similar and aging times the rame for all samples of Table 7.

c) Air Aging Tests at 200°C

At the culmination of about 4000 hours of air aging samples from the
first and second lots of both producers at 200°C, it becomes apparent that
exposure at this temperature level is generally not nearly as sevexe as that
at 250° to 300° with regard to the magnetic stability of these magnets. This
seems true regardless of manufacturing process and sample origin. Results

:_ are shown in Table 8. The initial-loss figures, ranging from 2.4 to 5.4%
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are substantially lower than at 3500, as one would expect. But with regard
to long-term aging, different individual samples showed quite different
general behavior patterns. The two isopressed samples of the second GE
lot, A-62 and A-70, aged at first at a slower rate than the other four A and
B samples, but after a few 100 hours they entered the catastrophic decay
phase generally characteristic of higher aging temperatures. Sample A-19
(first GE lot) and all B samplet (Raytheon) aged at a higher initial rate; the
remanent flux never truly stabilized Juring the test period, but there was also
no indicaticn of a catastrophic deterioration of the magnetic properties.
Figure 5 shows aging curves characteristic for these two behavior types.
Because of the crossing over of the lines, it was not possible to define a
band within which all measured curves tall - as was done for other aging
temperatuzre . in any meaningful way.

An additional sample (D-2) of Electron Energy Corporation manufacture
was included in this evaluation. It showed again superior stability. The
initial, irreversible loss .as the lowest at 2.4%, and the additional loss after
approximately 3500 hours was only 0.5%. Again the squareness of the
demagnetization loop as indicated by a high field value of H'k may be significant,
alttough there were two other samples {A-19 and B -48) with aven higher Hk
which aged more severely.

In addition to evaluating these samples witk a geometry giving B/H ® 1
unit permeance, wc also aged other samples from the ""as-received' con-
dition which had ®R’H = 1/4 and 1/8. (Available only from G.E.). The results
are shown in Table 9. As before, these samples were matched in pairs
having magnetic properties as close as possible prior to the evaluation. They
can be considered representative of the range of samples of that kind
received by us.

The data for this evaluation is illustrated in Figure 6a, b. The initial
loss now shows a clear increase with increasing demagnetizing field:
2.7-3,2%atB/H=1, 8 - 9.5% at B/H =1/4, and 10.5 - 16.8% at B/H = 1/8.

When one tries to compare numerically the aging losses at different

25

T i = - . e 3 - PP S - . ot




== 9°8 ¥°62

2-q 11°6 ¥°6¢
4~ § L0°9 ¥ 62
1-q L9°% s°g¢e
-V L9°¥% 8°8%
-V ¥0°'¢ 0°LE
1-v ) 90 °6 1°61
(c0) (203)

aqumy u—u.n umz
jo sanaxadoxg reniur

SNTeA S} JO 9% Ul pIssaidx? ‘saynurwW G je onjea 93 woxy doxq 4«

STTeA TeHIUT JO 9 Ul pPassdIdxd ‘sajnuiwi T 381y Buunp doag

== = == eLvE S 0
== =< 91 686¢ v°Z
== == 9 686¢ 9°2
= 0s¥%1 S 686¢ 2°¢
00¢€2 0801 011 686¢ 2°9
)STE s2LT 85 686¢ €£°S
== == ST 686¢ 0°¢
(sanol) (sanopy) (sanop) (sanop) (%)
%S %€ %1 swrg #*%8807
Jo sso 03 duurg, §S8OT] TeUONIPPY [210]
1=H/q

.UoooN LV ¥IV NI ONIDV QILVIITIDDOV

8 ITAVL

¥°2z
£°¢
¥°s
0°¢e
6°2
¢
L°2

(%)

%8807

Tentur

2-a
8¥-d
ye-9
91-9 w

X
29-V
0L~V
61-v

Iaqump
rdureg

Uy o = " il




e i mer—————

‘1l ~H/9 °s?AaInd

PazI[eWION 388D 38I0M pue 3sag Jo uosiredwo) °D 007 3 JuBy 11y °g sandiy

i 000°01 0001 001 [sanoH] o1 S 4 1 0
_ | 1 1 | 1 |
8 — 26°0
9 |- =1 ¥6°0
. Z -
* = — oo oo
\\ sajdueg
— \ d pue y jo aSuey -
2 - \\\\\\\\ .
- = = =] 86°0
L \\\\\\\\\\\\\\\ e )
oI =1 o0°1
) v—mEmm:ﬂ\
%] ]

27




judwaInsedws Iajye payderd aydwes gk
nyea sy yo 9 ut passaxdxd ‘sajnuruwz g1 3e Ianfea ay} woay doaq

A - O e o e T U S ——
ol i - o bl ik ke Ay b

. 5 in e i -l

I S T e

i . Wy TP
FEFEF[}[E e e D B L R e B i e L e b s o s

onfeA TenIUL JO 9 Ul passaadxa ‘sajnurwr G| Isay Suranp doaq *H M
|
:
1
8/1 282 €552 051 62 Z981 6°¢ S°0T  60¥-V
8/1 28 2 08 °s¢ 0st 0°¢ 2981 rA 4 Z2°11 174 2l 4 © |
8/1 99 ¢ 92 "2 sk b ' L¥6 82 28 SR 13  4 o
8/1 99 ‘¢ 18 "p2 SISISE Sy 2981 LC 8 ‘91 1ey-V
¥/1 9¢ °9 06S °s2 1% 091 Z¥8l 6°¢ ¥°8 0¥Z-v
¥/1 SE L ¥0 "92 0°L 8°0 281 6°¥ ¥°6 6€2-V :
¥/ €0 °9 L2 '¥2 === 0°8 2981 L 6°L £EC-V
¥/1 S6°¥ 60 “¥2 ---- 0°s Zv81 92 6°L s1z-v
(>0a) (>o) (sanop) (sanogy) (sanoy) (%) (9
H/g u_u.m omz %€ %1 auutf, *%x8807] %8807 d3qumpn
sonxadoad rerymug JO ssoT o3 auug, SSO07T [eUORIPPV [BIOL Tenuy ardwreg

(2-V 307 paateday sy)
¥/1 ‘8/1=H/HE ‘D.00Z LV IV NI ODNIDV I LVYITIDOV

6 ITAV.L




R e | LT b L, B e el i el b L e e e~ Dby L S b s s et “

TR Nl R WNT W TR W e e TR e

T . o e a0 e e TN et qT T TRt e

v ni s o

8/1 = H/9 (q ¥/1=H/9 (e

'S34InD PIZI[BWION 388D }5I0 M| PUe }s3g Jo uostaedwon *Do002 38 8u18y Aty °9 2anSi g

Moo.c_ 0001 001 [samoyg] o1 ¢ 2z 1 0
i | | | | | n_ ¥6°0
¥ :
3 8/1=H/d (q 96°0
[%]
%oo.E 0001 001 [sanoH] o1 S Z I 0
¥y -
¥/1=H/9 (e 1 96°0
f'f.lll
N pr—
_l.
o oy
(%]

" o vy e L e i i e e Ll T PR R b

29




IR TR o e

3 Shi Caetald
e Ty ey T TV AT TR N s Sadiaarhie et 4 G b LN L e

temperatures, the picture is quite confusing. It seems that aging is worse
at 200°C than at ZSOOC under otherwise comparable conditions. However,
closer examination of the shape of the characteristic aging curves for
different temperatures during the initial phases of exposure reveals an
interesting point: It appears that samples with the higher coercive forces
values exhibit a greater loss due to insufficient temperature stabilization
level during the first 15-minute period of exposure. Therefore, the
approach to a stable '"plateau" is a long, continuing process and may take
several hundred hours at the lower temperature for these non-prestabilized
magnets. Further referencen will be made to those aging characteristics in
the paragraphs comparing best and worst case examples.

d) Air Aging Tests at 150°C

The final elevated-temperature air aging evaluatiou for samples in the
as-received condition was performed at a level of 150°C. These tests were
also conducted on samples having a B/H=1/8, 1/4 and 1. The results of
this evaluation are presented in Tables 10 and 11. Again, a sample (D-~1)
furnished by the Electron Energy Corporation was included.

As :xpected, the initial loss after the first 15 minutes of exposure is
generaliy much less than that experienced at the higher temperatures.
Subsequent aging of the B/H *=1 samples for approximately 4000 hours at
temperature resulted in additional losses between 0.8 and 2.5%. Aging the
thinner samples for only 200v hours gave increased losses of 1 to 3%
for the samples of B/H= 1/4, and 2.7 to 4.6% for B/H = 1/8. While these
samples show a greater stability during the total elapsed time than those
exposed to higher temperatures, it is quite possible that they have not even
approached their plateau. It may be expected that prestabiiization at a level
higher than the exposure temperature would thermally knock the OCRI down
to a level corresponding to that reached at 150°C only after thousands of
hours, resulting in improved aging stability at the operating level. Further
tests to examine the effectiveness of this procedure were performed. They
will be discussed in subsequent paragraphs dealing with attempts at pre-

stabilization.
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TABLE 11

A CCELERATED AGING IN AIR AT 150°C,
R/H = 1/8, 1/4
(AS RECEIVED LOT A-2)

Sample Initial Total Additional Loss Time to Loss Of Initial Prop. B/H

l Number Loss* Lossk* Time 1% 3% MHc B
(%) (%) (Hours) (Hours) (lours )(kOe) (kOe)
A-201 10.9 1.0 1935 1935 -- 24.90 4.08 1/4
A-202 6.6 2.9 " 8 -- 25.20 3.96 1/4
A-203 8.9 1.5 " 50 -- 27.39 4,32 1/4
A-212 7.8 1.7 " 40 -- 26,31 5.04 1/4
[, A-403 6.7 4.1 " 12.5 540 26.40 4.74 1/8
A-410 7.6 3.7 " 36 760 23.70 3.39 1/8
A-408 5.5 2.7 " 14 - 27.50 4.74 1/8
A-411 5.6 4,6 " 11 470 26.10 4.56 1/8

* Drop during first 15 minutes, expressed in % of initial value

*% Drop from the value at 15 minutes, expressed in % of this value
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3. GENERALIZED COMPARISON OF ACCELERATED AIR-AGING
CHARACTERISTICS

In a previous report2 we had described how the observed characteristic
aging curves at the various elevated temperatures followed general patterns
which could be broken down into 3 phases of interest to the magnet user. The
general trends observed then still hold true now after much more testing.
Therefore, to aid the reader, we shall repeat the general comments describing
these '"phases of aging'' as an aid to interpreting the figures shown before
and the selected curves sketched in Figure 8.

There are very large differences in the aging behavior at any given
temperature between the individual magnets, and these do not seem to reflect
consistently the differences in origin (and therefore the manufacturing process)
or in the initially measured magnetic properties. It is thus not pouible to
select a set of truly '"'typical" aging curves. In Figures 2 through 7, we showed
curves representing the best and worst aging behavior, respectively, that
was encountered in this investigation. These extreme curves were selected
from the A and B groups without regard to the origin of the magnets.

""Best and worst" were usually judged by the length of the time to an
additional loss of 1%. All curves were normalized by calling the flux

value after the first 15 ininutes unity, and the normalized curves are super-
imposed at this 15-minute point. We have also shown for comparison
additional curves for the Electron Energy Corporation samples where they
were included in the tests.

The '"instantaneous' irreversible loss incurred during the first interval
of heating (15 minutes) is generally continued as a time-dependent "additional
aging loss' at a rapidly decreasing rate. These two types are indistinguishable.
We refer to the period during which they occur as the first phase of aging,
which ends after about 2 hours at 300°C. This is followed by a second phase
of a very slow but continuous further reduction of the OCRI which, from

the practical point of view, may be considered a plateau with an ill-defined

34




¥ ﬂ‘
1

B st fheencd £ b et - ki e

35

[mVs] | I | I
1 2.00 -
E \ 8. 3%
1.90 -\ a
A-18 at 250°C
L‘ 0 .
.
1%
1.80 -\- =
\ 6.3%
A-31 at 300°C 5%
1.70 I -
B-52 at 150°C
h 0%
. b
1.60 [ 5.2% -
B-54 at 200°C
] 0%
! 1%
1.50 b~ =
1.40 1 4 | 1 o |
(0) 1 10 [Hours] 100 1000 10, 000

Figure 8. Open Circuit Flux Aging Curve of Four
Magnets at Different Temperatures, B/H =l
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;_ termination point depending on the additional loss figure tolerable in a

] particular application. However, at least at temperatures of 250°C or higher,
the rate of decline later accelerates again and the magnet enters a third phase
of catastrophic aging during which it becomes eventually useless. As was
said before, the differentiation between the '"stable' phase 2 and the

"“"catastrophic'" phatce 3 is rather arbitrary for most - but not for all -

magnets studied. The catastrophic decline must, of course, eventually end

and the remanence must stabilize again, but perhaps only at a near-zero

L value. (Note, however, that a few samples entered a second '""plateau" of

relatively good flux stability after losing only a few percent of their flux,

although it had first seemed that the catastrophic phase had already set in.)
The aging curves at 300° and 250°C clearly demonstrate all of the first

three stages of aging, and a comparison between them shows that each phase
is prolonged as the temperature is lowered. At 200° and 150°C the

! catastrophic stage had not yet been reached in the tests; in fact, all 150° and
all but two - 200°C samples may still have been in the first stage of aging
even after the longest exposure times to date.

In paragraph 4 of this section we will further discuss and compare these
typical resilts with those obtained after specific prestabilization heat treatments.
Such treatments are aimed at anticipating the entire first aging stage and thus
minimizing the additional protracted irreversible loss of a magnet when it is

subsequently subjected to long-term thermal exposure.
4. ELEVATED TEMPERATURE AGING AFTER THERMAL PRESTABILIZATION

a) Experimental Procedure

In Section II, paragraph 1, we discussed and illustrated how a substantial
i improvement in the long-term natural air aging stability of SmCo 5 magnets
can be derived from specific pre-aging thermal “nockdown treatment. We
have also indicated that one must also be willing to trade off some percentage
of the useful remanence for better long-term stability, For some treatment
levels the loss incurred was only a few percent, but at higher levels of

treatment, the initial loss incurred was quite significant,
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elevated - , in the sense that the initial time rate of flux loss is minimized,

should be achieveable by anticipating the entire first phase of aging and
beginning their use in the device just with the onset of the plateau. The
previously measured aging curves tell us that this is accomplished in 1/4
to 2 hours at 300o and 250°C. At these temperatures, it would therefore
be practicable simply to pre-age at the temperature of future use. But for
lower operating temperatures, when the initial aging phase becomes excessively
1 prolonged, a pre-aging by heating to a higher temperature is the only practical
solution. It must be recognized that either method will result in a significant
reduction of the useful remanence by the thermal prestabilization.

To observe the aging performance of prestabilized magnets we per-
formed the following tests. We arbitrarily chose a temperature 50°C higher

than the intended test temperature at which each group of test magnets was

pre-aged for 2 hours. The OCRI was then remeasured at room temperature,
and each group exposed to its assigned test temperature of 1500, 200° or
250°C

it S

b) Results of Prestabilization Procedures

The results of these prestabilization treatments are presented in Table 12,
and graphically illustrated in Figure 9. In comparing the first four pre-
stabilized magnets (ZOOOC) exposed to 150°C (A-57 to B-46) in this table with
data presented in Table 10, a significant improvement in aging stability is
now observed. Even the total range bcunded by the best and worst-case
normalized curves is substantially narrowed. The same observations hold true
i for magnets prestabilized at 250°C and aged at 200°C.

'. Again, we observe for the 150°C aging curves that the flux is always in a
state of gradual, though small, change with time. This would indicate that,
although the 200°C pre-aging heat treatment significantly improved the
performance over a magnet exposed in the as-received condition, it was not
sufficient for a high degree of stability over several thousand hours. A

higher pre-aging temperature, such as 225°C or even 250°C or substantially |
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longer preheating at 2000, appears to be necessary to adequately accomplish
this.

Our test data also indicates the stability performance of the magnets
exposed at 200°C to be slightly better for the short term (~ 600 hours) than
that of the 150° C test magnets. This would indicate the possibility of manipu-
lating pre-aging heat treatments to achieve a different stability performance
characteristics for low temperature level applications. That is, to achieve
either short-term high stability, or long-term moderate stability.

The test magnets pre-stabilized at 300°C and subsequently aged at 250°C
were observed to be improved in the sense that, for the best case, the short
term stability is better than without pre-stabilization up to ~700 hours. From
that point on, the rate of loss increases gradually, but we see no evidence at the
end of ~ 3000 hours of approaching a truly catastrophic loss phase like that
which was seen in Figure 3 for the '"as received' samples aged at 250°C.

For a given prestabilization temperature, the loss is roughly inversely propor-
tional to Hk Fora given Hk value, the flux reduction during preheating at
250° and at 300°C is about the same, but it is less - only about 1/2 to 2/3 -

at 200°. This indicates that thermal wall relaxation is complete after 2 hours
above ZSOOC, while 2 hours at 200° may not be sufficient to achieve a magnetic
equilibrium state. The previously mentioned higher rate of initial flux change
during subsequent aging at 150°C is consistent with this view.

The relationship of the prestabilization loss with MHc is qualitatively the
same, but less systematic in detail than the correlation with Hk'
By contrast, the additional aging losses cannot be correlated with Hk or

MHc' In fact, they are fairly constant for a given prestabilizing and aging

test temperature and independent of Hk or Hc for 2000/1500 and 2500/2000.
These losses increase, however, with increasing temperature; quite drastically
80 - by a factor 3 to 5 - between 250", 200° and 300°/250°. Thie indicates
rather clearly that the long-term aging losses are metallurgical in orgin and
not primarily changes in the domain patiern as are the prestabilization losses.

The unusually high additional loss for the high - MHc, H'k sample A-94 is
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thought to be caused by structural factors, perhaps a higher degree of
porosity.

Generally speaking we can gay that the flux stability during the first
several hundred to several thousand hours of operation at an elevated
temperature can definitely be improved by a thermal pre-aging treatment.
If a designer can specify the magnet performance desired in a defined
thermal environment, then either he or the producers should be able to
pPrescribe the proper pre-aging treatment required. The present results
can serve as a basis for this; However, additional experiments with larger
numbers of current-production magnets should yield more complete sets of

empirically derived thermal treatment data for various special applications.
5. EFFECTS OF THERMAL AGING ON THE DEMAGNETIZATION CURVE

In an attempt to learn a little more about the causes of the loss of the
opPen-circuit remanence in each evaluation than can be gleaned from
measurernents of the OCRI flux alone, we have traced a demagnetization
curve on the samples before the start and after the termination of the thermal
exposure test.

Previously we had presented a detailed analysis of characteristic
intrinsic and normal demagnetization curves for a few specific samples
which were exposed at the higher temperatures and terminated after sus-
taining severe losses of open-circuit remanent induction.z Due to the
lJarge number of samples with different L./D ratios and treatments,
evaluated at various temperatures to tabulate every parameter with loss
differences after aging (before and after recharging) and to relate these
to the initial parameter values would be a large undertaking. Since a study
of the causes of aging was nct a principal objective of the work under this
contract, guch a detailed critical analysis of the data is unwarranted.
However, to u‘ilize the material that has been recorded, we surveyed the
sets of demagnetization curves for each specific evaluation temperature
to determine the extreme cases as judged by the changes observed in

intrinsic coercivity and residual induction.
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For the Figures 10 through 18, we have selected (B-H) vs. Hand B vs. H
room-temperature demagnetization curves of 9 samples which are represen-
tative of the range of properties observed before and after the aging tests
from 150° to 300°C. The observed change (or lack of change) during the
thermal exposure is graphically shown, and one can also judge the extent to
which losses are recoverable by recharging.

Each sample then has three gets of curves: one [A) measured be..
the start of the exposure; a second one (B) determined right after the
termination of heat-aging and traced down from the remanence point by
inserting the sample into the measuring yoke and applying an increasing
negative field first; and a third set (C) measured after remagnetizing the
sample in the original direction (with +34 to +38 kOe, depending on the
measurement configuration in the yoke).

Inspection of the curves in Figure 10 indicates that at the lower
temperature level of exposure (150°C) there is no noticeable change
in MHc during aging, even after 4000 hours. For the sample of Figure 11,
the MHc was greater than the available maximum field. However, the
near coincidence of curves A, B and C at high fields suggests that here, too,

the coercivity did not change during exposure. The residual induction, B ,
is reduced by 5-10%; the induction coercive force, BHc’ follows Br' The
loss of remanence is largely recoverable by recharging for magnets with
high Hk (good loop squareness), such as that of Figure 11, but not when
Hk is low (Figure 10).

In Figures 12 and 13, we observe that as the aging temperature

level is increased to ZOOOC, there is now a loss of the intrinsic coercive
force loss. This loss is a small portion (~ 5%) of the total MHc value;

it is not recoverable upon recharging. A larger fraction (12-15%) of
residual induction Br and the OCRI is lost at this temperature. As before,
those magnets with a high Hk number were observed to partially recover

these properties after recharging better than those of lower Hk'
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At the aging temperature level of 250° C we generally observe the same
trends as at 200°C, but quantitatively larger effects. A representative set
of curves (Figure 14) shows an increased fractional loss 5-10%) of intrinsic
coercive force. This loss was sustained by most magnets and was generally
not recoverable on recharging. The loss of residual induction and its re-
coverability on recharging were again found to be highly dependent on the
magnitude of the intrinsic coercive force and the squareness of the de-
magnetization curve. Figure 15 shows an example of aging effects on a
magnet with a relatively square demagnetization curve (H.k = 12 kOe), but
a low intrinsic coercive <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>